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Mitogen activated protein kinasesSilent information regulator 1 (SIRT1), a class III histone deacetylase, retards aging and plays roles in cellular ox-
idative stress injury (OSI). However, the biological context in which SIRT1 promotes oxidative injury is not fully
understood. Here, we show that SIRT1 essentially mediates hydrogen peroxide (H2O2)-induced cytotoxicity in
human umbilical vein endothelial cell (HUVEC). In HUVECs, SIRT1 protein expression was signiﬁcantly increased
in a dose-dependent manner after H2O2 treatment, whereas the acetylation levels of the NF-κB p65 subunit and
p53 were decreased. EX527 (a speciﬁc SIRT1 inhibitor) conferred protection to the HUVECs against H2O2, as
indicated by an improved cell viability, adhesion, an enhanced migratory ability, a decreased apoptotic index,
decreased reactive oxygen species (ROS) production and reductions in several biochemical parameters. Immuno-
ﬂuorescence andWestern blot analyses demonstrated that H2O2 treatment up-regulated SIRT1, phosphorylated-
JNK (p-JNK), p-p38MAPK, and p-ERK expression. EX527 pretreatment reversed these effects on SIRT1, p-JNK, and
p-p38MAPK but further increased the p-ERK levels. Similar results were conﬁrmed in SIRT1 siRNA experiments.
In summary, SIRT1 signaling pathway inhibition imparts protection against acute endothelial OSI, and modula-
tion of MAPKs (JNK, p38MAPK, and ERK) may be involved in the protective effect of SIRT1 inhibition.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
The endothelium plays a critical role in the regulation of vascular
function and the development of physiological and pathophysiological
processes [1]. Endothelial dysfunction has been observed in patients; OSI, oxidative stress injury;
drogen peroxide; ROS, reactive
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ry, Xijing Hospital, 127 Changle
fax: +86 29 84775567.
yanqu1974@126.com (Y. Qu).with atherosclerosis, hyperlipidemia, diabetes, hypertension, aging,
and obesity [2,3]. Oxidative stress injury (OSI) plays an essential role
in the pathogenesis of cardiovascular and non-cardiovascular diseases,
including endothelial dysfunction [3,4]. Multiple cytokines and sig-
naling pathways have been implicated in oxidative stress-mediated
vascular damage [5,6]. However, the underlying pathophysiological
mechanisms of OSI have not been fully elucidated.
Silent information regulator 1 (SIRT1) is a nicotinamide adenine di-
nucleotide (NAD+)-dependent histone deacetylase. Among the seven
human sirtuins, SIRT1 is the most extensively studied [7]. Many studies
have found that SIRT1 plays an important role in extending life-span
and calorie restriction [8]. Nevertheless, SIRT1 activation is not always
beneﬁcial for ﬁghting diseases [9,10]. Additionally, it is not clear wheth-
er SIRT1 is inhibited or activated by OSI [11–16]. On the one hand, stud-
ies have suggested that SIRT1 is down-regulated in OSI and that SIRT1
up-regulation may be beneﬁcial for OSI [12–14]. On the other hand,
other studies have demonstrated that SIRT1 is up-regulated in OSI [15,
16]. In this study, we explore the role of SIRT1 in hydrogen peroxide
(H2O2)-induced acute endothelial cell OSI.
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vating injury-related kinases, including c-Jun N-terminal kinase (JNK),
p38mitogenactivated protein kinase (p38MAPK), and extracellular sig-
nal regulated kinase (ERK), which are induced by physical, chemical,
and physiological stressors [17,18]. The transient activation of these
kinases in response to OSI cytokines promotes endothelial cell prolifer-
ation and survival, whereas the prolonged activation of these kinases
may result in endothelial cell death through the modulation of
pro- and anti-apoptotic protein functions [19–21]. In this study,
we also explore the effects of SIRT1 on these kinases in endothelial
cell OSI.2. Materials and methods
2.1. Materials
EX527 (a speciﬁc SIRT1 inhibitor) was purchased from Tocris Biosci-
ence (Bristol, UK); SIRT1 siRNA and anti-phosphorylated-p38MAPK (p-
p38MAPK), p38MAPK, p-JNK, JNK, and SIRT1 antibodies were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-p-ERK,
ERK, acetylated-p53 (Ac-p53), Ac-NF-κBp65, and β-actin antibodies
were purchased from Cell Signaling Technology (Beverly, MA, USA).
Anti-superoxide dehydrogenase (Cu/Zn-SOD or SOD) and glutathione
peroxidase (GSH-Px) antibodies were purchased from Abcam
Company (Cambridge, UK). 4′,6-Diamino-2-phenylindole (DAPI),
3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT), dimethylsulfoxide (DMSO), and 2′,7′-dichloroﬂuorescein
diacetate (DCFH-DA) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Terminal deoxynucleotidyl transferase dUTP nick end-
labeling (TUNEL) kits were purchased from Roche (Mannheim,
Germany). The Cell Counting Kit-8 (CCK8)was purchased fromDojindo
(Kumamoto, Japan). Kits for lactate dehydrogenase (LDH), methane di-
carboxylic aldehyde (MDA), SOD, and GSH-Px concentration measure-
ments were purchased from the Institute of Jiancheng Bioengineering
(Nanjing, Jiangsu, China). Rabbit anti-goat, goat anti-rabbit, and goat
anti-mouse secondary antibodies conjugated with horseradish peroxi-
dase or tetraethyl rhodamine isothiocyanate (TRITC) were purchased
from Zhongshan Company (Beijing, China).2.2. Cell culture and treatments
HUVECs (ATCC CRL-1730; Shanghai Tiancheng Technology Compa-
ny, China) were cultured in DMEMmedium (Hyclone, UT, USA) supple-
mented with fetal calf serum (10%), 2 mM L-glutamine, 100 U/ml
penicillin, and 100 g/ml streptomycin at 37 °C in 5% CO2 and 95% air.
The EX527 stock solution was prepared in DMSO and diluted with cul-
ture medium immediately prior to use; 0.01% DMSO was used as a
sham control. The cells were pre-treated with EX527 (12 h) or SIRT1
siRNA for 24 h and were then subjected to H2O2 (100, 200, 300, or
400 μM) injury (4 h). H2O2 concentrations and durations were selected
based on our previous studies [3]. Cells were harvested after treatment
for further analysis.2.3. Cell viability analysis
Cell viability was detected using the CCK8 assay following the
manufacturer's instructions. Brieﬂy, after the cells were treated and
washed with PBS, 10 μl CCK8 and 100 μl DMEM were added to each
well. After 2 h incubation, absorbance was measured using a microtiter
plate reader (SpectraMax 190, Molecular Device, CA, USA) at 450 nm.
Cell viability was expressed as an optical density (OD) value. Cell mor-
phologies were observed, and images were obtained using an
inverted/phase contrast microscopy (Olympus BX61, Japan).2.4. SIRT1 activity analysis
SIRT1 activity analysis was performed as previously described
[22]. After being treated, HUVECs were homogenized in an ice-cold
lysis buffer (50 mM Tris–HCl (pH 7.4), 150 mM of NaCl, 1 mM of
phenylmethylsulfonyl ﬂuoride (FMSF), 5 μg/ml of aprotinin), and
proteins in the supernatant were extracted following centrifugation
(15,000 rpm, 10 min, 4 °C). The SIRT1 activity in the total protein
samples was determined using a histone deacetylase (HDAC) color-
imetric assay kit (Enzo life Science, New York, NY, USA) according
to the manufacturer's instructions.
2.5. LDH release analysis
LDH is ofmedical signiﬁcance because it is found extensively in body
tissues and cells, including vascular endothelial cells. Because it is
released during cell damage, it is a common marker of injuries and dis-
eases [23]. LDH was detected after H2O2 exposure using an assay kit ac-
cording to the manufacturer's protocol. Enzyme activity was expressed
as units per liter, and the absorbance was measured at 440 nm.
2.6. Intracellular MDA, SOD, and GSH-Px content analysis
MDA, SOD, and GSH-Px activities were all determined using com-
mercially available kits, and all of the procedures complied with
their respective manufacturer's instructions. Enzyme activities
were expressed as units per milligram of protein. MDA is an organic
compound with a molecular formula of CH2(CHO)2. MDA is generat-
ed from reactive oxygen species (ROS) and, as such, is assayed as a
bio-marker of oxidative stress [24]. MDA content was measured at
532 nm by reaction with thiobarbituric acid to form a stable chromo-
phore. The MDA levels were expressed as nanomoles per milligram
of protein. The endothelial cells are able to express several antioxi-
dants, such as SOD and GSH-Px, along with other enzymatic and
non-enzymatic antioxidants to prevent free-radical damage and
ROS-induced cellular damage [3,5]. The SOD activity assay was
based on its ability to inhibit hydroxylamine oxidation by the O2−
produced via the xanthine–xanthine oxidase system. One unit of
SOD activity was deﬁned as the amount that reduced the absorbance
by 50% at 550 nm. GSH-Px activity was determined by quantifying
the ratio of reduced GSH to oxidized GSH after oxidation by H2O2.
One unit of GSH-Px was deﬁned as the amount that reduced 1 μM
GSH in 1 min/mg protein at 412 nm.
2.7. Intracellular ROS content analysis
The intracellular ROS was measured using 2′,7′-DCFH-DA reagent.
DCFH-DA enters through the cell membrane and is enzymatically hy-
drolyzed by intracellular esterases to non-ﬂuorescent DCFH-DA, which
is then oxidized to highly ﬂuorescent DCFH in the presence of intracel-
lular ROS [25]. Brieﬂy, after cells were seeded and treated in opaque 96-
well plates, the cellswerewashedwith PBS (pH7.4) and incubatedwith
DCFH-DA (20 μM) in PBS at 37 °C for 2 h. After incubation, the cellular
DCFH ﬂuorescence in each well was measured at 530 nm emission
and 485 nm excitation using an FLX 800microplate ﬂuorescence reader
(Biotech Instruments, Inc., USA). Cell-free conditions were used as the
background. The resultswere expressed as the percentage of the control
group (100%) ﬂuorescence intensity.
2.8. Cellular apoptosis analysis
Cellular apoptosis was analyzed by performing a TUNEL assay using
an in situ cell death detection kit. A double-staining techniquewas used
according to the manufacturer's instructions. After the cells were ﬁxed
in paraformaldehyde (4%, w/v) for 24 h, the TUNEL assay was per-
formed to stain apoptotic cell nuclei (green), and DAPI was used to
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positively stained apoptotic cells to the total number of cells counted
× 100%.2.9. Cellular adhesion ability assay
The procedure was performed according to a previously described
method [20] with minor modiﬁcations. Brieﬂy, after centrifugation
and resuspension in basal medium with 5% fetal bovine serum, treated
HUVECs (1 × 104 cells per well) were placed on ﬁbronectin-coated
96-well plates and incubated for 30 min at 37 °C. Gentle washing was
performed 3 times with PBS after 30 min adhesion. Adherent cells
were stained with MTT and counted by independent blinded investiga-
tors. The number of adherent cells in the control group was set to 100%.2.10. Wound healing assay
Cells were seeded in 6-well plates and treated for different periods.
As previously described [5], conﬂuent cell monolayers were scratched
with a P200 pipette tip to produce three parallel “wounds” in each
well; then, the cells were incubated with 5% fetal bovine serum for
24 h. Migrated cells were photographed and images were obtained
using an inverted/phase-contrast microscopy (Olympus BX61, Japan).
Due to the injury, endothelial cell growth and proliferation decreased;
in fact, monolayers with scratch wounds were observed to slowly
“heal” or, in some cases, not even recover compared with protectedFig. 1. The effects of H2O2 on cell viability, SIRT1 activity, and expression of SIRT1 signaling in
expressed as an OD value. B. SIRT1 activity was detected by ELISA kit. C. Representative West
means± SD, n=6, ⁎⁎P b 0.01 comparedwith the control group, ##P b 0.01 comparedwith the 1
with the 300 μM H2O2 group. OD, optical density.cells. The mean distance between the two ends of each scratch wound
was quantiﬁed manually. The control was set to 100%.
2.11. Immunoﬂuorescence assay
After cells were ﬁxed in paraformaldehyde (4%) for 24 h, they were
permeabilized in 0.1% Triton X-100 for 10min and blocked in 5% bovine
serum albumin for 30 min at room temperature. Cells were then incu-
bated with anti-SIRT1 rabbit polyclonal antibodies (1:200) overnight
at 4 °C. Following PBS washes, the cells were incubated with TRITC-
conjugated goat anti-rabbit secondary antibodies (1:200) for 2 h. The
cells were subsequently incubated with DAPI (0.02 mg/ml) for 2 min,
washed with PBS and wet-mounted using glycerol (50%, v/v). Images
were taken under ﬂuorescence microscopy (BX51, Olympus, Japan)
with a CCD camera (DP70, Olympus, Japan).
2.12. Protein extract preparation and Western blotting
Cells were homogenized in lysis buffer (Beyotime Biotechnology,
Haimeng, Jiangsu, China) with a 1% protease inhibitor cocktail (Sigma-
Aldrich, St. Louis, MO, USA). Lysates were centrifuged for 15 min at
12,000 g, and the resulting supernatant was transferred to a new tube
and stored at−70 °C. Protein concentrations were determined using
a Bradford protein assay kit, and the proteinswere separated by electro-
phoresis and transferred to nitrocellulose membranes. Membranes
were blocked for 1.5 h in Tris-buffered saline and Tween 20 (TBST,
pH 7.6) containing 5% non-fat dry milk and were then incubatedHUVECs. A. Cell viability was assessed by performing a CCK8 assay, and the viability was
ern blots of SIRT1, Ac-p53, and Ac-NF-κBp65 are shown. The results are expressed as the
00 μMH2O2 group, $$P b 0.01 comparedwith the 200 μMH2O2 group, &&P b 0.01 compared
Fig. 2. The effects of EX527 treatment on the viability of normal and H2O2-treated HUVECs. A. The effect of EX527 treatment on normal cell viability (24 h). B. The effect of EX527 pretreat-
ment onH2O2-treated cell viability. The results are expressed as themeans± SD, n= 6, ⁎⁎P b 0.01 comparedwith the control group, ##P b 0.01 comparedwith the H2O2 group, $$P b 0.01
compared with the 5 μMEX527+H2O2 group, &&P b 0.01 comparedwith the 10 μMEX527+H2O2 group, @@P b 0.01 comparedwith the 15 μMEX527+H2O2 group. OD, optical density.
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p-JNK, JNK (1:500 dilution), p-ERK, ERK, SOD, GSH-Px, Ac-p53, Ac-NF-
κBp65 or β-actin (1:1000 dilution), followed by washes with TBST.Fig. 3. The effects of EX527 (15 μM) on cell morphology, LDH release, MDA, ROS, SOD, and GSH
taken under an inverted/phase contrast microscope, cell viability was expressed as an OD val
SOD levels. F. Intracellular GSH-Px levels. G. Representative Western blots of SOD and GSH-P
with the control group, ##P b 0.01 compared with the H2O2 group, $$P b 0.01 compared with t
aldehyde; ROS, reactive oxygen species; SOD, superoxide dehydrogenase; GSH-Px, glutathioneThe membranes were then probed with the appropriate secondary an-
tibodies (1:5000 dilutions) at room temperature for 90min andwashed
with TBST. Protein bandswere detected using a Bio-Rad imaging system-Px levels in H2O2-injured HUVECs. A. Cell morphology was observed and pictures were
ue. B. LDH release. C. Intracellular MDA levels. D. Intracellular ROS levels. E. Intracellular
x are shown. The results are expressed as the means ± SD, n = 6, ⁎⁎P b 0.01 compared
he 15 μM EX527 + H2O2 group. LDH, lactate dehydrogenase; MDA, methane dicarboxylic
peroxidase.
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software package (West Berkeley, CA, USA).
2.13. Statistical analysis
All values are presented as themean± the standard deviation (SD).
Group comparisons were performed using an ANOVA (SPSS 13.0). All
groups were analyzed simultaneously with an LSD t test. A difference
of P b 0.05 was considered to be statistically signiﬁcant.
3. Results
3.1. The effects of H2O2 on cell viability, SIRT1 activity, and expression of
SIRT1 signaling in HUVECs
First, HUVECs were subjected to 4 h H2O2 (100, 200, 300, or 400 μM)
treatment. The OD value was determined by the CCK8 assay; the de-
creased OD value indicated reduced cell viability. The OD value in the
control group was 1.163 ± 0.034. As expected, incubation with differ-
ent H2O2 concentrations caused a signiﬁcant decrease in the OD values
to 0.914± 0.035, 0.759± 0.030, 0.671± 0.030, 0.456± 0.027, respec-
tively (P b 0.01 compared with the control group, Fig. 1A). H2O2 also in-
creased the SIRT1 activity in a dose-dependent manner (P b 0.01
compared with the control group, Fig. 1B). Additionally, H2O2 signiﬁ-
cantly increased SIRT1 protein expression and decreased Ac-p53 and
Ac-NF-κBp65 expressions (P b 0.01 compared with the control group,Fig. 4. The effects of EX527 treatment (15 μM)on the cell apoptotic index, adhesive ability, andm
a TUNEL assay (×200), and apoptosis was expressed as the apoptotic index. TUNEL staining wa
(blue). The apoptotic index was expressed as the ratio of the number of positively stained ap
assessed by performing an adhesion assay (×200), and cell adhesion was expressed as an adh
gratory ability of the cells was assessed by performing a wound healing assay (×100), and mi
The mean distance in the control group was set to 100%. The results are expressed as the mea
the H2O2 group, $$P b 0.01 compared with the 15 μM EX527 + H2O2 group.Fig. 1C). The effect of 400 μMH2O2 was the most apparent, as observed
in the increased SIRT1 activity and protein expression of 199.06 ±
10.26% and 550.43 ± 40.65%, respectively, and the decreased Ac-p53
and Ac-NF-κBp65 expressions of 17.51 ± 2.81% and 27.02 ± 3.73%.
3.2. The effects of EX527 on normal and H2O2-treated HUVEC viability
Comparedwith the control group, EX527 treatment (5, 10, 15, 20, or
30 μM)alone for 24 h did not have a signiﬁcant inﬂuence on cell viability
(Fig. 2A). To explore the role of the SIRT1 signaling pathway in the
H2O2-induced OSI in HUVECs, cells were pretreated with EX527 (5,
10, 15, 20, or 30 μM) for 12 h and then subjected to 4 h H2O2-
induced OSI. The H2O2 treatment signiﬁcantly decreased the OD
value to 0.519 ± 0.031 (P b 0.01 compared with the control group,
Fig. 2B). EX527 treatments signiﬁcantly increased the OD values to
0.622 ± 0.033, 0.711 ± 0.035, 0.838 ± 0.037, 0.745 ± 0.040, and
0.691 ± 0.038, respectively (all P b 0.01 compared with the H2O2
group). The protective effect of 15 μM EX527 was the most obvious;
thus, this concentration was selected for further study.
3.3. The effects of EX527 on cell morphology, LDH release, MDA, ROS, SOD,
and GSH-Px levels in H2O2-injured HUVECs
The effects of EX527 on cell morphology, LDH release, intracellular
MDA, ROS, SOD, and GSH-Px levels in H2O2-injured HUVECs were also
explored. As demonstrated in Fig. 3A, H2O2 treatment for 4 h resultedigratory ability of H2O2-injuredHUVECs. A. Cellular apoptosiswas assessed by performing
s performed to stain the apoptotic cell nuclei (green), and DAPI was used to stain all nuclei
optotic cells to the total number of cells counted × 100%. B. The cell adhesive ability was
esion ratio. The number of adherent cells in the control group was set to 100%. C. The mi-
gratory ability was expressed as the mean distance between the two ends of the scratch.
ns ± SD, n = 6, ⁎⁎P b 0.01 compared with the control group, ##P b 0.01 compared with
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compared with the control group. Treatment with 15 μM EX527 atten-
uated H2O2-induced cell shrinkage and improved the cellular attach-
ment rate.
H2O2 treatment also increased the LDH release and intracellular
MDA levels to 94.40 ± 5.18 U/l and 5.78 ± 0.41 U/mg, respectively
(P b 0.01 compared with control groups, Fig. 3B and C); however,
EX527 pretreatment markedly decreased LDH release and intracellular
MDA levels to 55.04 ± 4.16 U/l and 3.96 ± 0.38 U/mg, respectively
(P b 0.01 compared with the H2O2 group). Intracellular ROS concentra-
tion was determined by measuring the DCFH ﬂuorescence intensity. As
demonstrated in Fig. 3D, after H2O2 treatment, the ﬂuorescence intensi-
ty increased signiﬁcantly to 251.62 ± 13.97% (P b 0.01 compared with
the control group). EX527 treatment signiﬁcantly decreased theﬂuores-
cence intensity to 181.24 ± 11.34% (P b 0.01 compared with the H2O2
group).
Additionally, treating cells with H2O2 decreased SOD and GSH-Px
levels to 7.25 ± 1.04 U/mg and 53.82 ± 4.16 U/mg, respectively
(P b 0.01 compared with the control group, Fig. 3E and F). However,
EX527 treatment signiﬁcantly attenuated the changes in SOD and
GSH-Px contents to 12.54± 1.17 U/mg and 70.10± 3.73 U/mg, respec-
tively (P b 0.01 compared with the H2O2 group). Similar SOD and GSH-
Px protein expression results were obtained by Western blot (Fig. 3G).Fig. 5. The effects of EX527 (15 μM) treatment on SIRT activity and SIRT1, p-JNK, p-p38MAPK, a
SIRT1, p-JNK, p-p38MAPK, and p-ERK are shown. B. SIRT1 activity was detected by ELISA kit. C
expressed as the means ± SD, n = 6, ⁎⁎P b 0.01 compared with the control group, ##P b 0.0
group. “p-” stands for phosphorylated.H2O2 decreased SOD and GSH-Px expressions to 16.73 ± 2.60% and
22.56 ± 3.04%, respectively (P b 0.01 compared with the control
group). However, EX527 treatment signiﬁcantly increased the SOD
and GSH-Px expressions to 38.04 ± 3.57% and 48.67 ± 4.11%, respec-
tively (P b 0.01 compared with the H2O2 group).3.4. The effects of EX527 treatment on cell apoptotic index, adhesive ability,
and migratory ability in H2O2-injured HUVECs
After H2O2 treatment, the cellular apoptotic index signiﬁcantly in-
creased to 65.19 ± 5.31% (P b 0.01 compared with the control group,
Fig. 4A). EX527 treatment signiﬁcantly decreased the cell apoptotic
index to 47.53 ± 4.88% (P b 0.01 compared with the H2O2 group).
H2O2 treatment also signiﬁcantly decreased the cell adhesive ratio to
13.69 ± 4.18%, (P b 0.01 compared with the control group, Fig. 4B).
EX527 treatment signiﬁcantly increased the cell adhesive ratio to
30.46 ± 4.37% (P b 0.01 compared with the H2O2 group). As demon-
strated in Fig. 4C, after H2O2 treatment, the distance between the
scratches increased signiﬁcantly to 177.14 ± 11.09% (P b 0.01 com-
paredwith the control group). EX527 treatment signiﬁcantly decreased
the distance to 138.71 ± 8.80% (P b 0.01 compared with the H2O2
group).nd p-ERK protein expressions in H2O2-injured HUVECs. A. RepresentativeWestern blots of
. Representative images of SIRT1 immunoﬂuorescence are shown (×200). The results are
1 compared with the H2O2 group, $$P b 0.01 compared with the 15 μM EX527 + H2O2
2252 Y. Li et al. / Biochimica et Biophysica Acta 1842 (2014) 2246–22563.5. The effects of EX527 treatment on SIRT1, p-JNK, p-p38MAPK, and p-ERK
expressions in H2O2-injured HUVECs
Western blot and immunoﬂuorescence results demonstrated that
H2O2 increased SIRT1 protein expression and activity in HUVECs
(P b 0.01 compared with the control group, Fig. 5A and B) and that the
upregulated SIRT1 was mostly located in the nucleus (Fig. 5C). EX527
pretreatment reversed the H2O2 effect on SIRT1 expression and activity
(P b 0.01 compared with the H2O2 group). H2O2 treatment also signiﬁ-
cantly increased p-JNK, p-p38MAPK, and p-ERK expressions compared
with the control group (P b 0.01), while EX527 treatment reversed
these effects on p-JNK and p-p38MAPK but further increased p-ERK
expression (P b 0.01 compared with the H2O2 group).
3.6. The effects of SIRT1 siRNA on cell viability, morphology, LDH release,
MDA, ROS, SOD, and GSH-Px levels in H2O2-injured HUVECs
To further conﬁrm the role of the SIRT1 signaling pathway in H2O2-
induced OSI in HUVECs, cells that were pretreated with SIRT1 siRNA forFig. 6. The effects of SIRT1 siRNA treatment on cell morphology, LDH release, MDA, ROS, SOD, a
were taken under an inverted/phase contrast microscope; cell viability was expressed as an OD
SOD levels. F. Intracellular GSH-Px levels. G. RepresentativeWestern blots of SOD andGSH-Px ar
control siRNA group, ##P b 0.01 compared with the control siRNA + H2O2 group, $$P b 0.01 com
dicarboxylic aldehyde; ROS, reactive oxygen species; SOD, superoxide dehydrogenase; GSH-Px24 hwere subjected to 4 hH2O2-inducedOSI. SIRT1 siRNA pretreatment
signiﬁcantly reversed the OD value to 0.751 ± 0.034, attenuated H2O2-
induced cell shrinkage and improved the cellular attachment rate
(P b 0.01 compared with the control siRNA + H2O2 group, Fig. 6A).
As observed in HUVECs treated with EX527, SIRT1 siRNA pretreat-
ment markedly decreased the LDH release and intracellular MDA levels
induced byH2O2 to 65.42±4.85U/l and 4.26±0.40 U/mg, respectively
(P b 0.01 comparedwith the control siRNA+H2O2 group, Fig. 6B and C).
EX527 treatment also signiﬁcantly decreased the ROS level to 215.24±
12.06% (P b 0.01 compared with the control siRNA + H2O2 group).
Additionally, treating cellswithH2O2 decreased the SODandGSH-Px
levels (P b 0.01 compared with the control siRNA group, Fig. 6E and F).
SIRT1 siRNA treatment signiﬁcantly attenuated the changes in SOD
and GSH-Px contents to 13.79± 1.52 U/mg and 61.20± 4.51 U/mg, re-
spectively (P b 0.01 compared with the control siRNA + H2O2 group).
Similar SOD and GSH-Px protein expression results were obtained by
Western blot (Fig. 6G). EX527 treatment signiﬁcantly increased the
SOD and GSH-Px expressions to 33.92 ± 3.25% and 34.19 ± 3.48%,
respectively (P b 0.01 comparedwith the control siRNA+H2O2 group).nd GSH-Px levels in H2O2-injured HUVECs. A. Cell morphology was observed, and pictures
value. B. LDH release. C. IntracellularMDA levels. D. Intracellular ROS levels. E. Intracellular
e shown. The results are expressed as themeans±SD, n=6, ⁎⁎P b 0.01 comparedwith the
pared with the SIRT1 siRNA + H2O2 group. LDH, lactate dehydrogenase; MDA, methane
, glutathione peroxidase.
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ability, and migratory ability in H2O2-injured HUVECs
After H2O2 treatment, the cellular apoptotic index increased signiﬁ-
cantly (P b 0.01 compared with the control siRNA group, Fig. 7A). SIRT1
siRNA treatment signiﬁcantly decreased the cell apoptotic index to
34.74 ± 4.56% (P b 0.01 compared with the control siRNA + H2O2
group). H2O2 treatment also signiﬁcantly decreased the cell adhesive
ratio (P b 0.01 compared with the control siRNA group, Fig. 7B). SIRT1
siRNA treatment signiﬁcantly increased the cell adhesive ratio to
32.61 ± 4.31% (P b 0.01 compared with the control siRNA + H2O2
group). As demonstrated in Fig. 7C, after H2O2 treatment, the distance
between scratches signiﬁcantly increased (P b 0.01 compared with the
control siRNA group). SIRT1 siRNA treatment signiﬁcantly decreased
the distance to 155.16 ± 8.27% (P b 0.01 compared with the control
siRNA + H2O2 group).
3.8. The effects of SIRT1 siRNA on SIRT1, p-JNK, p-p38MAPK, and p-ERK
expressions in H2O2-injured HUVECs
Western blot and immunoﬂuorescence results demonstrated that
H2O2 increased SIRT1 protein expression and activity in HUVECsFig. 7. The effects of SIRT1 siRNA treatment on the cell apoptotic index, adhesive ability, andmig
TUNEL assay (×200), and apoptosis was expressed as the apoptotic index. TUNEL staining was
(blue). The apoptotic index was expressed as the ratio of the number of positively stained ap
assessed by performing an adhesion assay (×200), and cell adhesion was expressed as an adh
gratory ability of the cells was assessed by performing a wound healing assay (×100), and mi
The mean distance in the control group was set to 100%. The results are expressed as the mea
with the control siRNA + H2O2 group, $$P b 0.01 compared with the SIRT1 siRNA + H2O2 grou(P b 0.01 compared with the control siRNA group, Fig. 8A and B)
and that the upregulated SIRT1 was mostly located in the nucleus
(Fig. 8C). SIRT1 siRNA pretreatment reversed the H2O2 effect on SIRT1
expression and activity (P b 0.01 compared with the control siRNA
+ H2O2 group). H2O2 treatment also signiﬁcantly increased p-JNK, p-
p38MAPK, and p-ERK expressions compared with the control siRNA
group (P b 0.01), while SIRT1 siRNA treatment reversed these effects
on p-JNK and p-p38MAPK but further increased p-ERK expression
(P b 0.01 compared with the control siRNA + H2O2 group).
4. Discussion
Recent studies have demonstrated that SIRT1 plays an important
role in OSI [11–16]. Many studies have found that SIRT1 is down-
regulated in OSI and that SIRT1 up-regulation may be beneﬁcial for
OSI. For example, Guo and colleagues determined that resveratrol pro-
tects HUVECs from oxidized low-density lipoprotein (ox-LDL)-induced
oxidative damage via the upregulation of SIRT1 signaling [12]. Hu and
colleagues demonstrated that resveratrol attenuated cardiac oxidative
damage and left ventricular remodeling and further decreased SIRT1 ex-
pression in hearts of old rats with emphysema; thus, decreased SIRT1
levels may be a therapeutic goal for cardiac injury complications inratory ability of H2O2-injured HUVECs. A. Cellular apoptosis was assessed by performing a
performed to stain the apoptotic cell nuclei (green), and DAPI was used to stain all nuclei
optotic cells to the total number of cells counted × 100%. B. The cell adhesive ability was
esion ratio. The number of adherent cells in the control group was set to 100%. C. The mi-
gratory ability was expressed as the mean distance between the two ends of the scratch.
ns ± SD, n = 6, ⁎⁎P b 0.01 compared with the control siRNA group, ##P b 0.01 compared
p.
Fig. 8. The effects of SIRT1 siRNA treatment on SIRT activity and SIRT1, p-JNK, p-p38MAPK, and p-ERK protein expressions in H2O2-injured HUVECs. A. Representative Western blots of
SIRT1, p-JNK, p-p38MAPK, and p-ERK are shown. B. SIRT1 activity was detected using an ELISA kit. Cn Representative images of SIRT1 immunoﬂuorescence are shown (×200). The results
are expressed as themeans±SD, n=6, ⁎⁎P b 0.01 comparedwith the control siRNA group, ##P b 0.01 comparedwith the control siRNA+H2O2 group, $$P b 0.01 comparedwith the SIRT1
siRNA + H2O2 group.
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studies have demonstrated that SIRT1 is up-regulated in OSI. For exam-
ple, Lim and colleagues determined that H2O2 treatment signiﬁcantly
increased SIRT1 expression in human chondrocytes, and the incubation
of these cells withmelatonin decreased H2O2-induced SIRT1mRNA and
protein expressions [15]. Brandl and colleagues also demonstrated
that SIRT1was up-regulated after sub-lethal doses of oxidative stress
(induced by H2O2), and its expression levels increased in aging mes-
enchymal stem cells [16]. Furthermore, a few studies noted that
SIRT1 activation is not always beneﬁcial for ﬁghting diseases [9,10].
Therefore, it is unclear whether SIRT1 is inhibited or activated by
OSI. The varying effects may depend on the duration of injury time,
the type of injury-inducing drugs or methods, and when injury inter-
ventions are initiated. Interestingly, we determined that chronic and
mild oxidative stress stimulations (e.g., ox-LDL, COPD, and cigarette
smoke extract) mostly downregulated SIRT1, while acute and serious
stimulations (H2O2) mostly upregulated SIRT1. In this study, we deter-
mined that acute OSI induced by H2O2 signiﬁcantly injured the HUVECs
and increased SIRT1 protein expression. EX527, a speciﬁc SIRT1 inhibi-
tor, conferred a protective effect on the HUVECs against H2O2, as indi-
cated by the improved cell viability, adhesive ability, migratory ability,
and decreased apoptotic index. EX527 also effectively inhibited H2O2-
induced SIRT1 upregulation. Studies have shown that EX527 also affectsSIRT2 activity in the low concentration range [26], so it is unclear if
some of the effects of EX527 are not due to inhibition of SIRT2. There-
fore, further SIRT1 siRNA experiments were carried out to verify the
role of SIRT1 in acute endothelial OSI. Similar results were conﬁrmed
in SIRT1 siRNA experiments. These results demonstrate that SIRT1 sig-
naling pathway inhibition protects against acuteOSI in endothelial cells.
During the process of OSI-induced apoptosis or death, mitochondria
serve as a source of ROS, which is generated by reducing the mitochon-
drial membrane potential; the enhanced ROS production is related to
the OSI-induced injury response [5,27]. Lipid peroxidation is one of
the primary events in cell OSI [28]. MDA is a by-product of the lipid per-
oxidation induced by excessive ROS that is widely used as a biomarker
of oxidative stress. However, cells are equipped with several antioxi-
dants, such as SOD and GSH-Px, along with other enzymatic and non-
enzymatic antioxidants for the prevention of free-radical damage and
ROS-induced cellular damage [3]. Therefore, intracellular ROS can be ef-
fectively eliminated by the combined action of SOD, GSH-Px and other
endogenous antioxidants and thus provide a repair mechanism for oxi-
dized membrane components [3,28]. In the present study, signiﬁcant
decreases in SOD and GSH-Px were observed in HUVECs after H2O2 ex-
posure, indicating an impairment in antioxidant defenses. A signiﬁcant
increase inMDA productionwas associated with increased LDH release.
Nonetheless, when HUVECs were pretreated with EX527, these H2O2-
2255Y. Li et al. / Biochimica et Biophysica Acta 1842 (2014) 2246–2256induced cellular events were blocked. Similar results were conﬁrmed in
the SIRT1 siRNA experiments. These results suggest that the enhance-
ment of endogenous antioxidant preservation may represent a major
cellular protective mechanism by inhibiting SIRT1 signaling.
MAPKs are a family of serine/threonine kinases and are important
signaling components that link extracellular stimuli to amultitude of in-
tracellular responses that affect cell growth, differentiation, survival,
and metabolic regulation [17,18,29]. There are 3 major MAPK classes
that have been described: ERK1/2, of which two major isoforms, p44
(ERK-1) and p42 (ERK-2), have been identiﬁed; p38MAPK; and
JNK [29]. JNK is also known as a stress-activated protein kinase,
and p38MAPK is primarily involved in cell responses to cytotoxic
agents and stress [29,30]. Studies also have demonstrated that JNK,
p38MAPK, and ERK are involved in endothelial cell OSI [17,18],
which are phosphorylated early in the response to OSI [19]. Tran-
sient activation of these kinases in response to OSI cytokines pro-
motes endothelial cell proliferation and survival, while prolonged
activation of these kinases may result in endothelial cell death
through modulation of pro- and anti-apoptotic protein functions [20,
21]. SIRT1 may also cross-talk with the MAPKs to regulate various
physiological and pathological processes [15,31]. In the simulated
cardiomyocyte ischemia reperfusion model, Becatti and colleagues
demonstrated that SIRT1 overexpression positively affected the
p38MAPK pathway via protein kinase B(Akt)/apoptosis signal-
regulating kinase 1 (ASK1) signaling by reducing p38 and JNK phos-
phorylation and increasing ERK phosphorylation [32]. Another study
found that melatonin exerted cytoprotective and anti-inﬂammatory
effects in an oxidative stress-stimulated chondrocyte model and
rabbit osteoarthritis model and that the SIRT1 pathway was strongly
involved in this effect. In this procedure, melatonin blocked H O -
induced phosphorylation of PI3K/Akt, p38, ERK, JNK, and MAPK, as
well as the activation of NF-κB, which was reversed by SIRT1 inhibi-
tor or SIRT1 siRNA [12]. Thus, we also explored the effects of SIRT1 on
these MAPKs in endothelial cell OSI. Western blotting demonstrated
that H2O2 treatment increased p-JNK, p-p38MAPK, and p-ERK ex-
pressions. Treatment with EX527 reversed these effects on p-JNK
and p-p38MAPK, but further increased p-ERK expression. Similar
results were conﬁrmed in SIRT1 siRNA experiments. Thus, ERK sig-
naling may be contributed to the anti-OSI effect of SIRT1 inhibition.
In summary, our study demonstrates that inhibiting SIRT1 signaling
confers protection against acute endothelial OSI and that the SIRT1 sig-
naling pathway is a crucial mediator of endothelial OSI, modulation of
MAPKs (JNK, p38MAPK, and ERK)may be involved in the protective ef-
fect of SIRT1 inhibition.
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